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PAIRED ASSOCIATIVE TRANSSPINAL AND TRANSCORTICAL STIMULATION 







Advisor: Maria Knikou, PT, PhD 
Anatomical, physiological, and functional connectivity exists between primary motor cortex 
(M1) and spinal cord neurons. Paired associative stimulation (PAS) produces enduring changes 
in M1 based on the Hebbian principle of associative plasticity. The present study aims to 
discover immediate neurophysiological changes on human corticomotor pathways by pairing 
noninvasive transspinal and transcortical stimulation via transcranial magnetic stimulation 
(TMS). We delivered paired transspinal and transcortical stimulation for 40-min at precise 
interstimulus intervals with TMS being delivered after (transspinal-transcortical PAS) or before 
(transcortical-transspinal PAS) transspinal stimulation. Transspinal-transcortical PAS markedly 
decreased intracortical inhibition, increased intracortical facilitation and M1 excitability with 
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concomitant decreases of motor threshold. Conversely, transcortical-transspinal PAS did not 
affect intracortical circuits and decreased M1 excitability. Both protocols affected the 
recruitment gain of spinal motoneurons. Transcortical-transspinal PAS reduced the soleus H-
reflex postactivation depression, and transspinal-transcortical PAS reduced the low-frequency 
soleus H-reflex depression. These findings clearly indicate that pairing transspinal with 
transcortical stimulation produces both cortical and spinal plasticity, but excitability changes 
(inhibition or facilitation) in the human brain and spinal cord are reversed based on the timing 
interval and functional network interactions between the two associated inputs. Transspinal-
transcortical PAS can be used as a therapeutic intervention to strengthen cortical networks and 
corticospinal connections in neurological disorders and thus reduce impairment associated with 
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The primary motor cortex (M1) engages in numerous physiological motor behaviors and 
sensorimotor learning (Lemon, 2008), and contributes to the flexible control of spinal circuits 
(Rothwell, 2012). Functional connectivity exists through anatomical and physiological 
connections between M1 neurons and spinal cord neurons (Porter and Lemon, 1993; Lemon, 
2008). We have recently reported that long-lasting transspinal stimulation produces changes in 
cortical and corticospinal excitability (Knikou et al., 2015). However, the effects of pairing 
transspinal and transcortical stimulation on human motor pathways are not known. 
Paired associative stimulation (PAS) of presynaptic and postsynaptic cells produces spike-
timing-dependent plasticity via synaptic mechanisms (Song et al., 2000). This form of plasticity 
has been studied extensively by monitoring single-cell in-vitro preparations, is associated with 
modifications in synaptic efficacy, and can modify synaptic efficacy in a bidirectional manner 
based on the timing of the two inputs (for review see, Dan and Poo, 2006; Markram et al., 2011). 
Potentiation occurs when the presynaptic input precedes the postsynaptic input, whereas 
depression occurs upon reverse order of the two inputs (Buonomano and Merzenich, 1998; 
Sjöström et al., 2008; Müller-Dahlhaus et al., 2010; Markram et al., 2011). Procedures for spike-
timing-dependent and PAS-induced plasticity in humans differ, but both are based on the 
Hebbian principle of associative plasticity (Hebb, 1949) and thus may be mediated by similar 
mechanisms (Stefan et al., 2000, 2002). PAS-induced plasticity of M1 in humans is evident when 
transcranial magnetic stimulation (TMS)-M1 is paired with contralateral TMS-M1 (Rizzo et al., 
2009), supplementary motor area (Arai et al., 2011), premotor cortex (Buch et al., 2011), 
posterior parietal cortex (Koch et al., 2013; Chao et al., 2015), somatosensory cortex (Wolters et 
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al., 2005), and peripheral nerve (Stefan et al., 2000; Mrachacz-Kersting et al., 2007) stimulation. 
In humans, PAS-induced plasticity and practice-induced plasticity likely share the same synapses 
or involve interactions of similar neuronal circuits (Ziemann et al., 2001; Stefan et al., 2006; 
Rosenkratz et al., 2007), supporting for a strong functional role of PAS-induced plasticity. 
In the current experiments, we applied associative stimulation to the spinal cord and M1 in 
healthy humans. We delivered paired transspinal and transcortical stimulation for 40-min at 
precise interstimulus intervals in which TMS was delivered after (transspinal-transcortical PAS) 
or before (transcortical-transspinal PAS) transspinal stimulation. In the transspinal-transcortical 
PAS, the transspinal stimulation served as the presynaptic input to cortical neurons. In the 
transcortical-transspinal PAS, transcortical stimulation served as the presynaptic input to spinal 
neurons. Our recent findings demonstrate that transspinal stimulation alone decreases spinal and 
increases corticospinal outputs (Knikou 2013, 2014; Knikou et al., 2015). We therefore 
hypothesized that transspinal-transcortical PAS will increase cortical output, whereas 
transcortical-transspinal PAS will increase spinal output. We found that transspinal-transcortical 
PAS at specific interstimulus intervals decreases intracortical inhibition, increases intracortical 
facilitation and M1 excitability with concomitant decreases of motor threshold. In contrast, 
transcortical-transspinal PAS did not affect intracortical circuits, and decreased corticospinal 
excitability. Both protocols affected the recruitment gain of spinal motoneurons. These findings 
support for a timing-dependent bilateral PAS-mediated plasticity of human motor pathways 





Materials and Methods 
Subjects 
Nineteen healthy subjects participated in the study (mean age yrs  SEM, 24.84  0.99; 8 
female). None of the subjects had a history of neurological or musculoskeletal disorder or was 
under medication that affects the central or peripheral nervous systems. All subjects were right 
leg dominant. Six experimental sessions in total were conducted on different days, and some 
subjects participated in more than one experiment. In this case, the experiment was conducted at 
a 3-week interval. In each experiment, 12 subjects participated unless stated otherwise. For all 
subjects, eligibility to the study was first established based on a TMS safety screening. Written 
informed consent was obtained before enrollment in the study. The blood pressure of all 
participants was monitored periodically during the experiment and no significant changes were 
noted. All experimental procedures were conducted in compliance with the Declaration of 
Helsinki after full Institutional Review Board (IRB) approval by the City University of New 
York IRB committee. 
 
EMG recordings 
Surface electromyography (EMG) was recorded by single bipolar differential electrodes 
(MA300-28, Motion Lab Systems Inc., Baton Rouge, LA) from the right tibialis anterior (TA), 
medial gastrocnemius (MG), and soleus muscles. EMG signals were amplified, filtered (10-1000 
Hz), sampled at 2000 Hz via a 1401 plus (Cambridge Electronics Design Ltd., England), and 




Transcranial magnetic stimulation 
TMS focused over the left M1 was delivered via a Magstim 2002 stimulator (Magstim, UK) with 
a double-cone coil (diameter 110 mm) placed so the current of the coil flowed from a posterior to 
an anterior direction. The point where the lines between the inion and glabellum, and the left and 
right ear tragus met was marked on an EEG cap. The center of the double-cone coil was placed 1 
cm posterior and 1 cm to the left from this intersection point (Knikou, 2014, Knikou et al., 2015). 
With the double cone coil held at this position, the stimulation intensity was gradually increased 
from zero and motor evoked potentials (MEPs) recorded from the right TA and soleus muscles 
were observed on a digital oscilloscope. When MEPs only in the TA muscle could not be evoked 
at low stimulation intensities, we moved the magnetic coil by a few mm to the left and the 
procedure was repeated. When the optimal position was determined, the TA MEP resting 
threshold was established and corresponded to the lowest stimulation intensity that induced 
repeatable MEPs with peak-to-peak amplitude of at least 100 μV in 3 out of 5 consecutive single 
TMS pulses (Rossini et al., 1994). Subjects answered a post-TMS questionnaire the day after 
each experiment. One subject from the group reported mild remotely-related sleepiness and 
trouble concentrating. 
 
Transspinal and transcortical PAS protocol 
Paired stimulation included 240 pairs of TMS pulses delivered over the area of the motor cortex 
corresponding to the right TA muscle and cathodal transcutaneous stimulation to the spine. Both 
stimulations were delivered at 0.1 Hz for 40 min with subjects positioned in supine with knees-
hips flexed at 30 and ankles in a neutral position. For transspinal stimulation, the Thoracic 11 
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spinous process was identified via palpation, and a single cathode electrode (Uni-PatchTM 
EP84169, 10.2 cm  5.1 cm, Wabasha, MA) was placed along the vertebrae equally between the 
left and right paravertebral sides. Due to its size, the electrode covered from T11 to L1-2 
vertebral levels. The cathode electrode was held under constant pressure and maintained in place 
via pre-wrap. Two reusable self-adhered electrodes (anode; same type as the cathode), connected 
to function as a single electrode, were placed bilaterally on the abdominal muscles. The cathode 
and anode electrodes were connected to a constant current stimulator (DS7A, Digitimer, UK) 
that was triggered by Spike 2 scripts (CED Ltd., UK). 
The interstimulus interval between transspinal and transcortical stimulation was customized 
for each subject. The transspinal-transcortical PAS interval allowed transspinal stimulation to 
evoke depolarization of spinal motoneurons and affect cortical circuits before descending motor 
volleys elicited by TMS arrived at the presynaptic terminals of corticospinal neurons (Fig. 1A). 
The transcortical-transspinal PAS interval allowed descending motor volleys elicited by TMS to 
arrive at the presynaptic terminals of corticospinal neurons before transspinal stimulation 
transynaptically evoked depolarization in spinal motoneurons and affected cortical circuits (Fig. 
1B). The interstimulus interval for each subject was estimated using the relative onset latencies 
of EMG responses to TMS (TA MEP latency) and thoracolumbar transpinal stimulation (TA 
transspinal evoked potential-TEP latency). The conduction time from M1 to corticospinal 
presynaptic terminals was estimated by adding 1.5 ms to the TA TEP latency, and the resultant 
value was subtracted from the TA MEP latency. The added 1.5 ms is the time required for 
synaptic transmission plus the conduction time needed to the lumbar nerve root at the vertebral 
foramina (Taylor and Martin, 2009; Bunday and Perez, 2012). This calculation resulted in 
6 
 
interstimulus intervals that ranged from 8 to 13.5 ms (10.82  0.56 ms) across subjects for the 
transcortical-transspinal PAS. These intervals are consistent with the 10.5  0.9 ms central 
conduction time of TA MEP (Rossini et al., 1994). In the transspinal-transcortical PAS, the 
interstimulus intervals ranged from 10 to 15 ms (11.17  0.41 ms) across subjects, providing 
sufficient time for the transspinal stimulus to affect cortical networks. 
TA EMG recordings during transspinal-transcortical PAS indicate that TA TEPs can be 
easily separated from TA MEPs based on differential onset latencies and durations, whereas 
summation of MEPs and TEPs in the EMG occurs during transcortical-transspinal PAS (Fig. 
1C). In the transspinal-transcortical PAS protocol, transspinal stimulation was delivered at 48.38 
 3.9 mA (1.08  0.05 TA TEP threshold), and TMS at 63.42  1.26 MSO (1.13  0.02 TA MEP 
resting threshold). In the transcortical-transspinal PAS protocol, transspinal stimulation was 
delivered at 54.6  3.58 mA (1.14  0.05 TA TEP threshold), and TMS at 60.24  2.29 MSO 
(1.08  0.02 TA MEP resting threshold). 
 
Experiments 
Experiment 1.  In this experiment we assessed the short-latency intracortical inhibition and 
medium-latency intracortical facilitation before and after transspinal-transcortical and 
transcortical-transspinal PAS on different days. Intracortical inhibition and facilitation do not 
depend on changes in spinal excitability (Kujirai et al., 1993; Chen et al., 1998), and thus can 
accurately measure plasticity in the motor cortex. Paired TMS pulses over the left M1 were 
delivered via a Magstim BiStim2 module (Magstim, UK) at interstimulus intervals of 2, 3, 4, 10, 
15, and 30 ms. In the transspinal-transcortical PAS protocol, the conditioning TMS (first 
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stimulus) and the test TMS (second stimulus) were set at 0.73  0.02 and at 1.19  0.01 MEP 
resting threshold across subjects, respectively. In the transcortical-transspinal PAS protocol, the 
conditioning TMS and the test TMS were set at 0.77  0.01 and 1.16  0.03 MEP resting 
threshold across subjects, respectively. At the interstimulus interval of 30 ms, the test TMS was 
also delivered at 1.4 TA MEP resting threshold to establish whether intracortical facilitation 
depends on the MEP test size. Under control conditions and at all interstimulus intervals tested, 
at least 12 MEPs at 0.1 Hz at exactly the same stimulation intensities before and after PAS were 
recorded. 
Experiment 2.  In this experiment we examined corticospinal neuroplasticity after PAS. For each 
subject, the TA MEP recruitment curve was assembled from stimulation intensities 
corresponding to 0.5 TA MEP resting threshold until maximum amplitudes were obtained. The 
MEP recruitment curves were assembled at the exact same intensities before and after 
transspinal-transcortical and transcortical-transspinal PAS on different days. 
Experiment 3.  In this experiment we examined the immediate changes in spinal reflex 
excitability via soleus H-reflex recruitment curves, low-frequency (or homosynaptic) depression, 
and postactivation depression after PAS. The soleus M-wave and H-reflex recruitment curves 
were assembled before and after PAS. In assembling each soleus H-reflex recruitment curve, at 
least 120 H-reflexes were recorded at different stimulation intensities. The soleus maximal M-
wave was evoked and its amplitude was used to determine the intensity required to elicit soleus 
H-reflexes on the ascending part of the recruitment curve ranging from 20-30 % of the maximal 
M-wave. At this intensity, before and after PAS, 20 H-reflexes were recorded at 0.2, 0.33 and 1 
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Hz stimulation frequencies as well as at 0.2 Hz upon paired stimulation pulses at interstimulus 
intervals of 50 ms and 100 ms. 
 
Data analysis and statistics 
TA MEPs, soleus M-waves and soleus H-reflexes were measured as the area of the fullwave 
rectified EMG signal (Spike 2, CED Ltd., UK), while the soleus M-waves and H-reflexes from 
the recruitment curves were measured as peak-to-peak amplitude by customized Labview 
software. The latency of the TA MEP was measured based on the cumulative sum technique on 
the rectified waveform average (Ellaway, 1978). 
The TA MEPs evoked upon paired TMS pulses at different interstimulus intervals before and 
after PAS were measured and normalized to the mean control MEP recorded before PAS for 
each subject. The mean amplitude of the MEPs from each subject was grouped based on time of 
testing and PAS protocol. The Shapiro-Wilk test was performed to test data for normal 
distribution. A repeated-measures analysis of variance (rmANOVA) was performed to determine 
the effect of Time (before vs. after), Interstimulus Interval of paired TMS pulses, and PAS 
protocol on the TA MEPs recorded upon paired TMS pulses. Holm-Sidak t-tests for multiple 
comparisons were used to test for significant interactions between these factors. 
A Boltzmann sigmoid function (Eq. 1) was fitted to TA MEPs recorded at different 
stimulation intensities (recruitment curve) plotted against the actual stimulation intensities for 
each subject. The MEP slope and stimuli corresponding to MEP threshold, 50 % MEPmax, and 
maximal MEP were estimated based on equations 2, 3, and 4, respectively. These parameters 
were grouped from each subject based on Time of testing and PAS protocol. rmANOVA was 
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performed to determine the effect of Time and PAS protocol on each predicted parameter. 
Subsequently, the predicted stimulation intensity corresponding to 50 % MEPmax before PAS 
was used to normalize the TMS intensities. This was done for each subject separately so that 
MEP amplitudes at different stimulation intensities could be grouped across subjects. The 
average normalized MEP size was calculated in steps of 0.05 multiples of 50 % MEPmax 
stimulation intensities for each and across subjects. 
The soleus peak-to-peak M-wave amplitudes from all points of the recruitment curve were 
normalized to the homonymous maximal M-wave for each subject. A Boltzmann sigmoid 
function (Eq. 1) was fitted to the normalized M-waves plotted against the actual stimulation 
intensities (Devanne et al., 1997; Carroll et al., 2001). The soleus M-wave slope and the stimuli 
corresponding to M-wave threshold, 50 % Mmax, and maximal M-wave were estimated based 
on equations 2, 3, and 4, respectively. These parameters were grouped from each subject based 
on time of testing and PAS protocol. Paired t-tests were performed to determine changes in each 
parameter after PAS. rmANOVA was performed to determine the effect of Time and PAS 
protocol on each predicted parameter for the M-wave. The same analysis was also conducted for 
the soleus H-reflexes normalized to the homonymous maximal M-wave and plotted against the 
stimulation intensities ranging from below H-reflex threshold until maximal reflex amplitudes. In 
order to group the soleus M-wave and H-reflex recruitment curves across subjects, the predicted 
stimulation intensity at 50 % maximal M-wave before and after PAS was used to normalize the 
stimulation intensities and present them in multiples of motor threshold (MT). The average 
normalized soleus M-wave and H-reflex amplitudes were calculated in steps of 0.05 multiples of 
50 % Mmax stimulation intensities first for each subject and then across subjects. 
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The soleus H-reflexes recorded at 0.2, 0.33, and 1 Hz were normalized to the homonymous 
maximal M-wave. H-reflex postactivation depression upon paired pulses at 100 and 50 ms were 
measured as the 2nd soleus H-reflex amplitude normalized to the mean amplitude of the 1st H-
reflex. Paired t-tests were performed to determine changes in soleus H-reflex amplitudes after 
PAS for each protocol. rmANOVA was performed to determine the effect of Time of testing 
(before vs. after) and PAS protocol on the soleus H-reflex amplitude. T-tests, two-way and three-
way rmANOVAs were performed as needed. In all tests, statistical significance was assumed 
when p < 0.05. Data are presented as mean  SEM. 
 
Results 
Experiment 1: Transspinal and transcortical PAS-induced immediate neurophysiological 
changes in cortical networks 
Short-latency intracortical inhibition and medium-latency intracortical facilitation, established 
via paired TMS pulses to the left M1, were assessed before and after each PAS protocol to 
characterize associative induced immediate changes in cortical networks. Non-rectified 
waveform averages of conditioned TA MEPs shown in Fig. 2A depict removal of short-latency 
intracortical inhibition and potentiation of intracortical facilitation after transspinal-transcortical 
PAS in both subjects. There was a significant effect of Time (F(1,6) = 9.68, p = 0.002) and 
Interstimulus Interval (F(1,6) = 7.69, p < 0.001) on conditioned TA MEP amplitudes, but the 
effect of Time and its interactions with Interstimulus Intervals was not significant (F(6) = 0.33, p 
= 0.92) (Fig. 2B). The conditioned TA MEPs were significantly different before and after PAS at 
interstimulus intervals of 2, 3, 4, 10, and 15 ms (t = 3.11, p = 0.002) (Fig. 2B). 
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Non-rectified waveform averages of conditioned TA MEPs shown in Fig. 3A depict 
depressant effects of transcortical-transspinal PAS on cortical inhibition in Subject 18A and 
marginal effects on cortical facilitation for both subjects. There was an overall significant effect 
of Time (F(1,6) = 7.27, p = 0.008) and Interstimulus Interval (F(1,6) = 8.18, p < 0.001), while the 
effect of Time and its interactions with Interstimulus Intervals was not significant (F(6) = 0.37, p 
= 0.89) for transcortical-transspinal PAS (N = 14, Fig. 3B). Two-way rmANOVA along with 
Holm-Sidak pairwise multiple comparisons for Time at each interstimulus interval showed no 
significant effects (2 ms: t = 0.55, p = 0.5; 3 ms: t = 0.39, p = 0.69; 4 ms: t = 0.28, p = 0.77; 10 
ms: t = 1.23, p = 0.21; 15 ms: t = 1.85, p = 0.06; 30 ms at 1.2 MEPth: t = 1.39, p = 0.16; 30 ms at 
1.4 MEPth: t = 1.39, p = 0.16). 
Three-way rmANOVA along with Holm-Sidak pairwise multiple comparisons showed a 
significant effect of PAS protocol for all interstimulus intervals (2 ms: t = 3.03, p = 0.003; 3 ms: 
t = 0.38, p < 0.001; 4 ms: t = 4.2, p < 0.001; 10 ms: t = 4.1, p < 0.001; 15 ms: t = 2.89, p = 0.004; 
30 ms at 1.2 MEPth: t = 3.35, p < 0.001; and 30 ms at 1.4 MEPth: t = 1.65, p = 0.099). These 
findings indicate that intracortical inhibition and intracortical facilitation changed in a 
bidirectional manner after transspinal-transcortical and transcortical-transspinal PAS. 
 
Experiment 2: Transspinal and transcortical PAS-induced immediate neurophysiological 
changes in corticospinal networks 
The latency of the TA MEPs recorded at rest did not change in the transspinal-transcortical PAS 
protocol (before: 30.74 ± 0.53 ms, after: 30.76  0.49 ms, t = -0.08, p = 0.93) or in the 
transcortical-transspinal PAS protocol (before: 31.33 ± 0.36 ms, after: 31.2  0.33 ms, t = 0.46, p 
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= 0.64). The normalized TA MEP amplitudes plotted against multiples of stimulation intensities 
corresponding to 50 % MEPmax before PAS from all subjects and both protocols are shown in 
Figure 4. Two-way rmANOVA showed an overall significant effect of Time (F(1,15) = 7.53, p = 
0.007) and normalized stimulation intensities (F(1,15) = 14.61, p < 0.001) on the actual MEP sizes 
in the transspinal-transcortical PAS protocol (Fig. 4A). The MEP size was increased from 0.9 to 
1.2 MEP threshold (all p < 0.05) (Fig. 4A). The predicted stimulus corresponding to MEP 
threshold was decreased after transspinal-transcortical PAS (p = 0.01), but there were not 
statistically significant effects of Time on the predicted maximal MEP amplitude, MEP slope, or 
stimuli corresponding to 50 % MEPmax and maximal MEP (Table 1). Two-way rmANOVA 
showed that the actual normalized MEP sizes were decreased after transcortical-transspinal PAS 
at 1.3 MEP threshold (F(1,19) = 4.51, p = 0.035) (Fig. 4B). However, non-significant effects of 
Time were found on the predicted maximal MEP and MEP slope, as well as on stimuli 
corresponding to MEP-threshold, 50 % MEPmax, and maximal MEP (for all p > 0.05, Table 1). 
Two-way rmANOVA showed a significant effect of PAS protocol for m function (F(1,1) = 5.28, p 
= 0.02), and non-significant effects of PAS protocol for predicted MEP max amplitude (F(1,1) = 
0.0007, p = 0.97), MEP slope (F(1,1) = 1.42, p = 0.24), stimuli at MEP threshold (F(1,1) = 0.07, p = 
0.78), stimuli at 50% MEPmax (F(1,1) = 0.14, p = 0.7), and stimuli at MEP max (F(1,1) = 0.87, p = 
0.35). These findings indicate that transspinal-transcortical PAS increased MEP sizes that 
coincided with decreased membrane excitability of corticospinal neurons, whereas transcortical-




Experiment 3: Transspinal and transcortical PAS-induced immediate neurophysiological 
changes in spinal networks 
The soleus M-wave and H-reflex recruitment input-output curves from all subjects and both PAS 
protocols are shown in Figs. 5A-B, and Figs. 5C-D, respectively. The associated sigmoid fits for 
H-reflexes from the ascending part of the recruitment input-output curve are shown in Fig. 5E 
and Fig. 5F, respectively, while the soleus H-reflexes recorded after PAS are normalized to 
stimulation intensities corresponding to 50 % Mmax before and after PAS. 
For the transspinal-transcortical PAS protocol, two-way rmANOVA showed a non-
significant effect of Time on the actual H-reflex sizes (from 0.35 to 0.9 multiples of MT) when 
H-reflexes after PAS were grouped based on stimulation intensities normalized to the MT before 
(F(1,11) = 0.02, p = 0.86) or after (F(1,11) = 0.38, p = 0.53) PAS (Fig. 5C). The same analysis for 
the M-waves showed a significant effect of Time only when the M-waves after PAS were 
grouped based on stimulation intensities normalized to the MT before (F(1,11) = 15.63, p < 0.001) 
and not to the MT after (F(1,11) = 0.45, p = 0.5) PAS. Based on the sigmoid function results (H-
reflexes or M-waves normalized to the homonymous maximal M-wave plotted against the actual 
stimulation intensities), the maximal H-reflex amplitude (t = 2.08, p = 0.03), and stimulus 
corresponding to 50 % Hmax (z = -2.1, p = 0.02) were decreased, while the H-reflex slope, m 
function of the sigmoid fit, and stimuli at threshold and at maximal intensities remained 
unaltered (for all p > 0.05; Table 2). Last, the m function of the sigmoid fit, M-wave slope, and 
stimuli corresponding to M-wave threshold, 50 % Mmax, and maximal M-wave were decreased 
(Wilcoxon Signed Ranked Test, Table 2). 
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For the transcortical-transspinal PAS protocol, two-way rmANOVA showed a non-
significant effect of Time on the actual H-reflex sizes (from 0.35 to 0.9 multiples of MT) when 
H-reflexes recorded after PAS were grouped based on stimulation intensities normalized to the 
MT before PAS (F(1,11) = 0.02, p = 0.99) or to the MT after PAS (F(1,11) = 1.35, p = 0.24) (Fig. 
5D). The same analysis for the M-waves showed a significant effect of Time only when the M-
waves after PAS were grouped based on stimulation intensities normalized to the MT before 
(F(1,11) = 39.08, p < 0.001) and not to the MT after (F(1,11) = 0.06, p = 0.79) PAS, although for 
both cases a significant interaction between stimulation intensities and Time was found (F(11) = 3, 
p < 0.001). Based on the sigmoid function results (H-reflexes or M-waves normalized to the 
homonymous maximal M-wave plotted against the actual stimulation intensities), the predicted 
stimuli corresponding to 50 % Hmax (z = -2.9, p = 0.001) and H-reflex threshold (t = 4.11, p = 
0.002) were decreased after PAS (Table 3). The H-reflex slope (t = -1.72, p = 0.11), maximal H-
reflex amplitude (t = 2.08, p = 0.06) and m function of the sigmoid fit (t = 1, p = 0.33) remained 
unaltered (Table 3). The stimuli corresponding to M-wave threshold, 50 % Mmax, and maximal 
M-wave were decreased, while the M-wave slope and m function of the sigmoid fit remained 
unaltered (Wilcoxon Signed Ranked Test, Table 3). These findings indicate that both transspinal-
transcortical and transcortical-transspinal PAS decreased the excitation thresholds of soleus 
motoneurons and soleus H-reflex amplitude, and transcortical-transspinal PAS decreased the 
excitation thresholds of Ia afferents. 
Transcortical-transspinal and transspinal-transcortical PAS substantially altered the soleus 
M-wave and H-reflex excitability thresholds (see inlets 1-3 in Fig. 6). Specifically, at the same 
stimulation intensity as that utilized before PAS, the soleus M-wave and H-reflex after PAS were 
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elicited at different points, i.e., at the derecruitment curve, (see inlet 3 in Fig. 6). After PAS, in 
order to evoke a soleus H-reflex on the ascending portion of the recruitment curve and an M-
wave with an amplitude comparable to that before PAS, a substantial reduction in the stimulation 
intensity was required, consistent with our findings from the M-wave and H-reflex recruitment 
curves. Transcortical-transspinal PAS did not affect the soleus H-reflex homosynaptic depression 
(evoked at different stimulation frequencies; for all p > 0.05) but reduced the soleus H-reflex 
postactivation depression following paired pulses at interstimulus intervals of 100 ms (t = -2.88, 
p = 0.045) and 50 ms (t=-2.5, p = 0.02) at a constant stimulation frequency of 0.2 Hz (Fig. 6A). 
Transspinal-transcortical PAS reduced the soleus H-reflex homosynaptic depression at 0.2 Hz (t 
= -2.66, p = 0.032), 0.33 Hz (t = -2.82, p = 0.037) and 0.1 Hz (t = -2.25, p = 0.049). Further, the 
soleus H-reflex postactivation depression following paired pulses at interstimulus intervals of 
100 ms (t = -1.17, p = 0.32) and 50 ms (t=-1.4, p = 0.18) at a constant stimulation frequency of 
0.2 Hz remained unaltered (Fig. 6B). Three-way rmANOVA showed a significant effect of 
stimulation frequencies and interstimulus interval of paired pulses (F(4) = 26.36, p < 0.001), and 
time (F(1) = 13.62, p < 0.001), but not between protocols (F(1) = 1.76, p = 0.18). These findings 
indicate that both protocols affected the recruitment of soleus motoneurons, while transcortical-
transspinal PAS reduced the soleus H-reflex postactivation depression, and transspinal-
transcortical PAS reduced the soleus H-reflex homosynaptic depression. 
 
Discussion 
This study demonstrates that PAS-induced plasticity can be achieved with precisely-timed 
pairing of transspinal and transcortical stimulation. This pairing paradigm produces both cortical 
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and spinal plasticity with opposite excitability changes (inhibition or facilitation) in the human 
brain and spinal cord based on timing interval and functional network interactions between the 
two associated inputs at a systems level. 
Before PAS was delivered, we successfully probed and recorded short-latency MEP 
inhibition and medium-latency MEP facilitation upon paired TMS pulses (Figs. 2B, 3B), in 
accordance with previous studies (Kujirai et al., 1993; Di Lazzaro et al., 1998). The use of a 
subthreshold (~0.7 MEP resting threshold) conditioning TMS pulse minimizes direct activation 
of cortical motoneurons (Ziemann et al., 1996). Consequently, the MEP short-latency inhibition 
and medium-latency facilitation are mediated by interneuronal circuits in the motor cortex 
(Ziemann et al., 1996). Short-latency intracortical inhibition is mediated by a low-threshold 
gamma-aminobutyric acid type A (GABAA) receptor-dependent inhibitory pathway (Ilic et al., 
2002). The cortical networks mediating intracortical facilitation, however, are more complex (Di 
Lazzaro et al., 2002). Evidence suggests that cortical facilitation is non-synaptic, occurs at the 
initial axon segment of cortical interneurons, involves a high threshold excitatory pathway, and 
is mediated by a separate population of interneurons (Kujirai et al., 1993; Ridding et al., 1995; 
Ziemann et al., 1996; Di Lazzaro et al., 1998, 2007; Sanger et al., 2001; Ilic et al., 2002). 
Transspinal-transcortical PAS decreases the amount of intracortical inhibition and increases 
the amount of intracortical facilitation (Fig. 2B). These neurophysiological changes are 
consistent with the decrease in intracortical inhibition and increase in intracortical facilitation 
following median or radial nerve stimulation (Aimonetti and Nielsen, 2001), and the MEP 
modulation when conditioned by transspinal stimulation at similar intervals (Knikou, 2014). 
After transspinal-transcortical PAS, the increase in MEP size at intensities ranging from 0.8 to 
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1.2 MEP resting threshold coincided with decreases in stimulus intensity corresponding to MEP 
threshold (Fig. 4A, Table 1). Increases in MEP amplitude likely reflect long-term potentiation 
(LTP)-like synaptic plasticity in neurons involved in modulation of motor cortex output, whereas 
changes of motor threshold are considered correlates of intrinsic plasticity (Delvendahl et al., 
2012). Possible sources of changes in intracortical interneuronal circuits include modulation of 
interhemispheric connections by ipsilateral and contralateral thalamocortical circuits as a result 
of transspinal stimulation, and changes in interactions between I-waves (Ferbert et al., 1992; Di 
Lazzaro et al., 1999; Hanajima et al., 2002). 
Transspinal stimulation excites fibers at the spinal cord entry or at their exit from the spinal 
canal (Ladenbauer et al., 2010), generating action potentials that travel anti- and orthodromically 
along the posterior and anterior root fibers bilateral. Transspinal stimulation is associated with 
orthodromic excitation of motor axons and antidromic activation of muscle spindle afferents and 
all of their terminal branches leading to transynaptic excitation of motoneurons and interneurons 
close and far away from the stimulation site (Coburn, 1985; Maertens de Noordhout et al., 1988; 
Hunter and Ashby, 1994; Knikou, 2013; Gaunt et al., 2006; Ladenbauer et al., 2010). Stimulation 
of muscle afferents which terminate in the dorsal horn activates second order neurons in the 
ipsilateral dorsal spinocerebellar tract with bilateral projections to the brain hemispheres (Spanne 
and Jörntell, 2013). Hence, transspinal stimulation delivered before TMS at interstimulus 
intervals ranging from 10 to 15 ms (11.11  0.41 ms) has the ability to affect cortical networks 
through the dorsal spinocerebellar tract. Cortical interneurons producing slow inhibitory or 
excitatory postsynaptic potentials are mainly distributed in layer II where the main sensory input 
to the motor cortex arrives through thalamocortical projections (Constantinople and Bruno, 
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2013). Therefore, somatosensory potentials induced by transspinal stimulation arrived at the 
cortex shortly before cortical neurons were depolarized by TMS. These potentials reinforced the 
TMS-induced descending volleys to corticospinal neurons so that a single TMS pulse induced a 
larger MEP, as well as directly affecting the cortical interneurons mediating cortical inhibition 
and facilitation. Transcortical-transspinal PAS did not affect the amount of intracortical 
inhibition or intracortical facilitation (Fig. 3B), and decreased the MEP size at an intensity of 1.3 
MEP resting threshold without affecting motor threshold (Fig. 4B, Table 1). The decrease MEP 
size may be related to long-term depression-like synaptic plasticity of corticomotor neurons, and 
may be the result of changes between excitatory cortical neurons (Weise et al., 2013). 
Transcortical-transspinal and transspinal-transcortical PAS affect M-wave amplitudes when 
the M-waves recorded after PAS are normalized to MT before and not to that estimated after 
PAS. Additionally, both PAS protocols decrease the stimulation intensities needed to evoke M-
waves at threshold, intermediate, and maximal amplitudes (Tables 2, 3). These changes verify 
that both PAS protocols affect the recruitment order of motor axons (Knikou, 2008). Decreases 
in the slope of the M-wave after transspinal-transcortical PAS suggest changes in the recruitment 
gain of the soleus motoneuron pool. 
In all subjects, a clear separation between Ia afferents and motor axons was possible, in that 
Ia afferent volleys from low to maximum intensities were evoked with a very small or 
completely absent M-wave. This implies that the soleus H-reflex reached its maximum 
amplitude before the antidromic motor volley collides with the orthodromic afferent volley 
(Knikou, 2008). Decreases in stimulation intensities needed to evoke H-reflexes at threshold, 
intermediate, and maximum amplitudes (Tables 2, 3) support the following notions: selective 
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changes in the ability of Ia afferents to depolarize the soleus motoneurons, altered excitability of 
Ia afferents, altered number of active motoneurons, or altered aggregate of spinal motoneurons 
on the subliminal fringe (Capaday and Stein, 1987; Knikou, 2008; Pierrot-Deseilligny and 
Burke, 2005). One may contend that the soleus H-reflex excitability changes after PAS were 
largely due to the altered recruitment gain of soleus motoneurons. However, this cannot be 
substantiated because sigmoid function results were obtained from each subject’s H-reflex 
recruitment curves with actual stimulation intensities, and not normalized to the MT before or 
after PAS (Tables 2, 3). Potential sources of H-reflex excitability changes after PAS include 
modifications in the excitability profile of the motoneuron pool and properties of group Ia 
afferents. 
It is well known that the size of the monosynaptic reflex decreases during repetitive 
stimulation, and a frequency-dependent effect has been described both in the cat and human 
(Eccles and Rall, 1951; Crone and Nielsen, 1989) (Fig. 6). This type of reflex depression has 
been attributed to changes in the probability or amount of transmitter release at the synapse by 
the previously activated Ia afferents (Crone and Nielsen, 1989; Hultborn et al., 1996), and thus is 
presynaptic in origin. The soleus H-reflex size is also decreased upon paired stimulation pulses 
delivered at a constant stimulation frequency (Fig. 6). However, this depression does not 
characterize only the soleus H-reflex, since the M-wave size also decreases upon paired pulses 
(see inlet 4 in Fig. 6). Thus, this postactivation depression cannot be homosynaptic, and may 
involve interneurons such as Ib and Renshaw cells exerting postsynaptic inhibition. 
Transcortical-transspinal PAS decreases the soleus H-reflex postactivation depression but not 
the low-frequency depression (Fig. 6A), whereas transspinal-transcortical PAS has the exact 
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opposite effect (Fig. 6B). The same stimulation intensity after PAS evokes H-reflexes whose 
amplitude correspond to the derecruitment curve (see inlets 1-3 in Fig. 6), supporting the concept 
of altered recruitment of motor axons and Ia afferents after PAS, consistent with our findings of 
changes in the soleus M-wave and H-reflex recruitment curves. TMS at 0.9 MEP threshold 
intensities has been shown to decrease presynaptic inhibition of Ia afferents (Meunier and 
Pierrot-Deseilligny, 1998) and may therefore be involved in the decreased homosynaptic or 
postsynaptic depression in response to the PAS protocols. Alternatively, despite the lack of the 
direct evidence of transspinal stimulation on actions of presynaptic interneurons in humans, 
transspinal stimulation activates NMDA receptors which play an important role in the induction 
and maintenance of LTP-like plasticity (Stefan et al., 2002; Hunanyan et al., 2012). 
 
Limitations  
We did not use medium or high frequencies or pulse trains in our experiments to deliver PAS 
between M1 and spinal cord, although PAS-induced plasticity depends on the frequency and 
number of spike trains (Froemke and Dan, 2002; Froemke et al., 2006), because it is not feasible 
to pair TMS at medium or high frequencies. We chose a single 1-ms pulse duration at 0.1 Hz for 
both PAS protocols based on previous human and animal studies (Stefan et al., 2000; Hunanyan 
et al., 2012), and while this may have reduced the strength of plasticity, it cannot account for the 
neurophysiological differences we observed between the two PAS protocols. PAS was delivered 
for a prolonged time (40 min), but we did not perform the neurophysiological tests at different 
times after PAS termination, thus limiting our knowledge on the sustainability of neuroplasticity. 
Therefore further studies that will concentrate on examining the time course of the effects are 
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needed. Last, the extent to which similar associative plasticity can be observed in neurological 
disorders remains to be shown. These limitations are currently under investigation in our 
laboratory. 
 
Conclusion and future directions 
We show that pairing transspinal and transcortical stimulation produces both cortical and spinal 
PAS-mediated plasticity, but excitability changes (inhibition or facilitation) in the human brain 
and spinal cord are reversed based on the timing interval and functional network interactions 
between the two associated inputs.  In opposition to the more traditional PAS technique (paired 
TMS and peripheral nerve stimulation) utilized in humans to produce PAS-induced plasticity, 
this new PAS paradigm has great translational impact because it can be used to alter intracortical 
circuits, corticospinal excitability, and properties of spinal motoneurons in people with cortical 
or spinal lesions. The latter warrants further tests for the development of targeted neural 











Figure 1.  Paired associative stimulation protocol.  (A) Simplified illustration of the PAS protocol during which 
transspinal stimulation mediated volleys arrived at the cortex before the transcranial magnetic stimulation (TMS 
volley) delivered over the motor hot spot for the tibialis anterior (TA) muscle arrived at the corticospinal neurons. 
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(B) Simplified illustration of the PAS protocol during which corticospinal neurons activated via TMS arrived to the 
corticospinal neuron before spinal motoneurons were activated transynaptically by the transspinal stimulation. The 
interstimulus interval between paired pulses was customized for each subject. The interval allowed transspinal 
stimulation to affect cortical circuits before TMS-induced motor volleys arrived at the presynaptic terminals of 
corticospinal neurons or TMS-induced motor volleys to arrive at the presynaptic terminals of corticospinal neurons 
before transspinal stimulation evoked transynaptically depolarization in spinal motoneurons. (C) EMG recordings 
from the right TA muscle during the course of paired pulses show a clear separation of motor and transspinal evoked 
potentials (MEP, TEP) during transspinal-transcortical PAS (left sweeps), and summation of MEPs and TEPs during 




Figure 2.  Intracortical measures before and after transspinal-transcortical PAS.  Non-rectified waveform averages 
of conditioned tibialis anterior motor evoked potentials (TA MEPs) by subthreshold transcranial magnetic 
stimulation (TMS) from 2 subjects before (grey lines) and after (red lines) transspinal-transcortical PAS (A). The 
pool data plotted are normalized to the mean control MEP size before PAS (B). Error bars represent SEM. Analysis 
showed a significant effect of time on both intracortical inhibition and intracortical facilitation. *p < 0 .05 compared 




Figure 3.  Intracortical measures before and after transcortical-transspinal PAS.  Non-rectified waveform averages 
of conditioned tibialis anterior motor evoked potentials (TA MEPs) by subthreshold transcranial magnetic 
stimulation (TMS) from 2 subjects before (grey lines) and after (red lines) transcortical-transspinal PAS (A). The 
pool data plotted are normalized to the mean control MEP size before PAS (B). Error bars represent SEM. Analysis 





Figure 4.  Corticospinal excitability before and after PAS.  Tibialis anterior motor evoked potentials (TA MEPs) 
recruitment curves from all subjects before () and after () transspinal-transcortical PAS (A) and transcortical-
transspinal PAS (B). The pool data are normalized to the maximal MEP size, are plotted in multiples of stimulation 
intensities corresponding to 50 % of the maximal MEP (MEPmax) both observed before PAS, and a sigmoid fit to 
the data is also shown. Analysis showed a significant effect of time for the transspinal-transcortical PAS with 









Figure 5.  Spinal excitability before and after PAS.  Soleus M-wave and H-reflex recruitment curves from all 
subjects before () and after () transspinal-transcortical PAS (A, C) and transcortical-transspinal PAS (B, D). The 
pool data illustrated in A-D are normalized to the homonymous maximal M-wave (Mmax), and are plotted in 
multiples of stimulation intensities corresponding to 50 % of the Mmax. The soleus H-reflexes recruitment curves 
assembled for stimulation intensities that H-reflexes were absent until they reached maximal amplitudes along with 
the sigmoid function fitted before () and after ()transspinal-transcortical PAS (E) and transcortical-transspinal 
PAS (F) are indicated with H-reflexes plotted against stimulation intensities that were grouped based on MT 




Figure 6.  Spinal inhibitory measures before and after PAS.  Soleus H-reflexes sizes from all subjects before () and 
after ()transspinal-transcortical PAS (A) and transcortical-transspinal PAS (B) recorded at different stimulation 
frequencies and upon paired stimulation pulses at interstimulus intervals of 100 and 50 ms. The pool data are 
normalized to the maximal M-wave (Mmax). Error bars represent SEM. Analysis showed a significant effect of time 
for the soleus H-reflex postactivation depression (paired pulses) in the transcortical-transspinal PAS, and H-reflex 
low frequency dependent depression for the transspinal-transcortical PAS. 
*p < 0 .05 compared with baseline (before PAS). 
 
Soleus H-reflexes recorded at 0.2 Hz before and after PAS at exactly the same stimulation intensities (Inlets 1 and 
2) illustrate clearly that a shift in the recruitment order of motor axons and Ia afferents (Inlet 3) occurred after both 
PAS protocols. Soleus H-reflexes recorded upon paired pulses at 100 ms interstimulus interval (Inlet 4) illustrate 










Table 1. TA MEP sigmoid function parameters 
MEPmax 
(mVs) 































45.32       
1.85 
82.00       
3.93 
p-value 0.48 0.46 0.18 0.35 0.01 0.27 
 
Transcortical-

























p-value 0.19 0.44 0.08 0.11 0.34 0.07 
 
Results of predicted parameters from the sigmoid input–output relation of non-normalized TA MEPs and 
stimulation intensities conducted for each subject separately and grouped based on time and paired-associative 







































p-value 0.19 0.01 0.007 0.005 0.001 0.03 
H-reflex 
(%Mmax) 


























p-value 0.03 0.74 0.79 0.027 0.38 0.12 
 
Results of predicted parameters from the sigmoid input–output relation of soleus M-waves and H-reflexes 
normalized to the homonymous maximal M-wave (Mmax) size and actual values of stimulation intensities recorded 
at all points of the recruitment curve for the M-wave and from baseline to maximal amplitudes for the H-reflex 
(Hmax). This was performed separately for each subject, and averages were estimated and grouped based on time. 










Table 3. Soleus M-wave and H-reflex sigmoid function parameters: 
Transcortical-transspinal PAS  
M-wave 
(%Mmax) 






















p-value 0.57 0.52 0.46 0.001 0.005 0.001 
H-reflex 
(%Mmax) 


















7.67            
0.83 




p-value 0.06 0.33 0.11 0.001 0.002 0.11 
 
Results of predicted parameters from the sigmoid input–output relation of soleus M-waves and H-reflexes 
normalized to the homonymous maximal M-wave (Mmax) size and actual values of stimulation intensities recorded 
at all points of the recruitment curve for the M-wave and from baseline to maximal amplitudes for the H-reflex 
(Hmax). This was performed separately for each subject, and averages were estimated and grouped based on time. 
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